The ocean is currently absorbing excess carbon from anthropogenic emissions, leading to reduced seawater-pH (termed 'ocean acidification'). Instrumental records of ocean acidification are unavailable from well-ventilated areas of the deep ocean, necessitating proxy records to improve spatio-temporal understanding on the rate and magnitude of deep ocean acidification. Here we investigate boron, carbon, and oxygen isotopes on live-collected deep-sea bamboo corals (genus Keratoisis) from a pH tot range of 7.5-8.1. These analyses are used to explore the potential for using bamboo coral skeletons as archives of past deep-sea pH and to trace anthropogenic acidification in the subsurface North Atlantic Ocean (850-2000 m water depth). Boron isotope ratios of the most recently secreted calcite of bamboo coral skeletons are close to the calculated isotopic composition of borate anion in seawater (d 11 B borate ) for North Atlantic corals, and 1-2& higher than d 11 B borate for Pacific corals. Within individual coral skeletons, carbon and oxygen isotopes correlate positively and linearly, a feature associated with vital effects during coral calcification. d 11 B variability of 0.5-2& is observed within single specimens, which exceeds the expected anthropogenic trend in modern North Atlantic corals. d
INTRODUCTION
The ocean is the largest exchangeable carbon reservoir in the global carbon cycle and represents an important sink for anthropogenic carbon (C ant ) emissions (Gruber, 1998; Sabine et al., 2004; Khatiwala et al., 2009) . The vast majority of the ocean's carbon is stored below the mixed layer in the intermediate and deep ocean, which are enriched in dissolved inorganic carbon (DIC) due to the active export of carbon from the surface ocean by physical and biological processes (e.g., Sigman et al., 2010) . Emissions of anthropogenic carbon dioxide (CO 2 ) since the onset of the industrial era and air-sea gas exchange have resulted in a large input of C ant to well-ventilated areas of the deep sea Wanninkhof et al., 2013) . The net result of this C ant pulse is a reduction in seawater pH termed 'ocean acidification ' (e.g., Caldeira and Wickett, 2003; Feely et al., 2004; Doney et al., 2009) .
Instrumental records of ocean acidification are limited in length and spatial coverage. Only three continuous time series of seawater carbonate system observations with >10 years of coverage are available for the surface ocean (Station ALOHA: Dore et al., 2009 ; BATS/Station S: Bates, 2007 ; ESOTC: González-Dávila et al., 2010) . Similar records are not available for the intermediate and deep ocean; instead, pH changes must be inferred from back-calculated, tracer-based, or modeled estimates of C ant inventories Khatiwala et al., 2009; Sabine and Tanhua, 2010) . Paleoceanographic records extracted from surface corals using the boron isotope proxy can potentially supplement limited instrumental pH data for the surface ocean (Pelejero et al., 2005; Wei et al., 2009 ). In the intermediate and deep ocean, however, applications of boron proxies (d 11 B, B/Ca) in epifaunal benthic foraminifera (e.g., Hö nisch et al., 2008; Yu et al., 2010; Rae et al., 2011; Raitzsch et al., 2011) are better suited to longer timescales than the current anthropogenic perturbation, due to bioturbation and low accumulation rates of deepsea sediments.
Deep-sea corals (DSC) potentially provide new opportunities to reveal deep-sea conditions from highly resolved records secreted over the lifespan of the coral (ranging from years to millennia, see review in Robinson et al., 2014) . Previous studies have shown promise for DSC skeletal-based proxy records of ocean circulation and ventilation (Adkins et al., 1998; Frank et al., 2004; Robinson et al., 2005; Sherwood et al., 2008; van de Flierdt et al., 2010; Burke and Robinson, 2012) , biological productivity and nutrient concentrations (Sherwood et al., 2005 (Sherwood et al., , 2011 Montagna et al., 2006; LaVigne et al., 2011; Anagnostou et al., 2011) , temperature (Smith et al., 2000; Thresher et al., 2004 Thresher et al., , 2010 Lutringer et al., 2005; Case et al., 2010; Hill et al., 2011; Kimball et al., 2014; Montagna et al., 2014) , and isotopic and elemental properties of seawater (Rollion-Bard et al., 2009; Hill et al., 2012) . However, reconstructions of deep-sea carbonate chemistry from boron proxies in DSC have proven challenging. Specifically, boron isotope studies in scleractinian DSC (subclass Hexacorallia) suggest physiological processes related to biomineralization overprint environmental information (Blamart et al., 2007; Anagnostou et al., 2012; McCulloch et al., 2012) .
Deep-sea gorgonian corals (subclass Octocorallia) have recently generated interest as potential paleoceanographic archives. Gorgonian corals of the family Isididae are long lived (up to several centuries, Roark et al., 2005; Thresher, 2009 ) and globally distributed in intermediate to deep waters (Watling et al., 2011) , making them attractive targets for proxy calibration and paleoceanographic reconstructions (Thresher et al., 2004; Sherwood et al., 2008; Hill et al., 2011 Hill et al., , 2012 LaVigne et al., 2011) . To date, however, there have been no studies on the feasibility of carbonate system reconstructions from boron proxies in deep-sea gorgonian corals. Here we present results from the first investigation of boron isotopes in deep-sea gorgonian corals (genus Keratoisis), and evaluate controls on their boron isotopic composition using coupled stable isotope (d 13 C and d 18 O) measurements. We compare Keratoisis boron isotope ratios in a suite of modern specimens to hydrographic pH measurements, and test whether isotopic time-series derived from individual North Atlantic corals reflect projections of seawater-pH change due to C ant addition.
MATERIALS AND METHODS

Bamboo coral morphology and biomineralization
Isidiid gorgonian corals, named "bamboo corals" for their visual resemblance to bamboo, grow a solid axial skeleton composed of non-scleritic calcareous material, surrounded by a relatively thin coenenchyme with rod-shaped sclerites longitudinally arranged on the polyps (Watling et al., 2011) . Bamboo coral axial skeletons are characterized by alternating high-Mg calcitic internodes (7-10 mol% MgCO 3 , Noé and Dullo, 2006) and organic nodes composed of gorgonin, a collagen-like protein ( Fig. 1) . Crosssections through the internodes reveal visual light-dark banding attributed to the orientation and relative organic content of Mg-calcitic crystal bundles (fascicles) (Noé and Dullo, 2006) , with the strength and symmetry of banding varying within and between specimens ( Fig. 1b-d) . The interior of the internode is occupied by a central axis that varies from an open, cylindrical channel ( Fig. 1c) to a darkly colored, calcified or organic-filled region (Fig. 1b) . At the microstructural scale, bamboo coral internodes do not exhibit centers of calcification or density banding (as evidenced from X-radiographs, Noé and Dullo, 2006) , both fundamental structural features of scleractinian corals (Ogilvie, 1896 ; see also Cohen and McConnaughey, 2003) .
Distinct differences in both skeletal microstructures and composition between calcitic bamboo corals and aragonitic scleractinian corals imply divergence in calcification mechanisms, which therefore distinguish the sampling strategy for each coral type. Gorgonian coral biomineralization is poorly understood, particularly in comparison to the wealth of geochemical approaches used to infer biomineralization mechanisms in scleractinian corals (which are nonetheless debated, e.g., McConnaughey, 1989; Adkins et al., 2003; Cohen and McConnaughey, 2003; RollionBard et al., 2003a,b; Sinclair, 2005; Blamart et al., 2007) . Noé and Dullo (2006) proposed a biomineralization mechanism for bamboo corals whereby gorgonin serves as a structural framework for a Ca 2+ -binding soluble glycoprotein monolayer that facilitates crystal nucleation. Although this mechanism is broadly similar to organic matrix-mediated calcification mechanisms proposed for scleractinian corals (e.g., Cohen and McConnaughey, 2003; Allemand et al., 2011) , the geochemical effects of such a mechanism, and more broadly, the geochemical consequences of dissimilarities between scleractinian and gorgonian calcification, are largely unknown (e.g., Kimball et al., 2014) . Consequently, our sampling strategy follows simple visual structural features, as described below.
Bamboo coral specimens
Bamboo coral specimens covering a broad range of ocean pH tot (7.5-8.1, Fig. 2 (Hill et al., , 2012 . All specimens were identified as genus Keratoisis in museum collections, although this genus requires taxonomic revision (Watling et al., 2011) . North Atlantic Ocean specimens belong to two temporally distinct assemblages: one set is derived from trawl operations by the United States Fish Commission in the late 19th century off the northeastern coast of the United States (Verrill, 1885) , with more recent specimens collected by trawl in the vicinity of Bear Seamount off the northeastern United States during the NOAA Mountains in the Sea programs in 2003 and 2004 (Fig. 2b) . Modern specimens possessed intact polyps on the coral surface, indicating they were alive at the time of collection. All specimens were screened for diagenetic alteration or bioerosion by visual inspection of thick sections under reflected light microscopy. Specimens did not show evidence for either diagenesis or bioerosion, consistent with previous observations of structural preservation in modern and subrecent Keratoisis specimens (Noé and Dullo, 2006) .
Calcite sections of 2-4 mm thickness were cut from the basal internode of each specimen and polished. Calcite subsamples were obtained by drilling within visual growth bands using either a Merchantek Ò MicroMill with a 0.5 mm tungsten carbide drill bit or a Sears Ò variable-speed rotary tool with a 1.0 mm diamond burr (Fig. 1d) . Average sample spacing along the radial growth direction was approximately 1-3 mm.
Hydrographic data and boron isotopes in seawater
Temperature, salinity, alkalinity, and dissolved inorganic carbon (DIC) data were obtained from the nearest available World Ocean Circulation Experiment (WOCE) or Transient Tracers in the Ocean (TTO) hydrographic station to each coral collection location (Table 1) . Seawater pH was established for each coral location using hydrographic data and CO2sys MATLAB version 1.1 (van Heuven et al., 2011) , with first and second dissociation constants for carbonic acid (K 1 and K 2 ) from Lueker et al. (2000) . Uncertainty in hydrographic data for each coral location was estimated from ranges of temperature, salinity, alkalinity and DIC within a 4°latitude/longitude and ±100 m depth box of our coral collection locations and depths in the GLO-DAP Gridded Database see Anagnostou et al., 2012) . Temperature and salinity uncertainty averaged ±0.5°C and ±0.1, respectively, for each coral collection location. Uncertainty in pH was estimated as the 2r of pH calculated from ranges of alkalinity and DIC from each grid box using hydrographic temperature and salinity data from each coral collection location. Seawater pH at the time of collection for North Atlantic corals from the 19th century was estimated by subtracting cumulative C ant concentrations (from Khatiwala et al., 2009 ) from hydrographic DIC data, and assuming that hydrographic temperature, salinity, and alkalinity were unchanged. Uncertainty in C ant inventories was estimated at ±20% following Khatiwala et al. (2009) , which translates to a small additional pH uncertainty (<0.01 pH units) that was added to uncertainty estimates for these collection locations.
In seawater, boron predominantly exists as B(OH) 3 (uncharged boric acid) and B(OH) 4 À (borate anion), with the dissociation constant of boric acid (pK B ) a function of temperature, salinity (Dickson, 1990), and pressure (e.g., Millero, 1995) . The boron isotope partitioning between boric acid and borate is described by an equilibrium fractionation factor (a B , also written as 11-10 K B ) that has been experimentally determined in synthetic seawater at 25°C, salinity of 35 and atmospheric pressure (a B = 1.0272 ± 0.0006, Klochko et al., 2006) . Due to the lack of alternative experimental data, we assume that temperature, salinity and pressure do not influence the fractionation factor, and determine the isotopic composition of borate ion in seawater (d Foster et al., 2010) , B T is the total boron concentration as a function of salinity (Lee et al., 2010) 
Analytical procedures
All isotopic data obtained in this study are provided in Table 2 and online through the Biological and Chemical Oceanography Data Management Office (http://www.bcodmo.org/project/542303). Forty to sixty microgram splits of drilled coral samples were analyzed for carbon and oxygen stable isotopes without chemical pretreatment or roasting (Grottoli et al., 2005 (b) Atlantic coral specimens (black and white stars) plotted with the expected change in seawater pH between the preindustrial and modern (gridded color) using anthropogenic DIC data from Sabine et al. (2004) , temperature and salinity from World Ocean Atlas 2009 Antonov et al., 2010) , and assuming no change in alkalinity. Contours reflect the minimum resolvable pH change due to external analytical d 11 B error from three (dotted), five (dashed), and seven (solid) replicate analyses. Map and transect made using Ocean Data View (Schlitzer, 2014) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Table 1 Bamboo coral specimens and hydrographic data used in this study. Hill et al., 2011) .
For boron isotope analyses, 1-2 mg of calcite powder was cleaned of organic material with 1% H 2 O 2 buffered in 0.1 N NaOH at 80°C for 20 min, then rinsed five times with boron-free MilliQ water under ultrasonication. Recovery varied from 70% to 90%, as fine-grained material was invariably lost to suspension during rinse steps. Cleaning experiments performed on a bulk coral sample with varying concentration of oxidizing agent showed no change in coral d 11 B over orders of magnitude changes in oxidant concentration (between 0.3% and 4.8% H 2 O 2 ), suggesting that all reactive organic matter was effectively removed from the samples by the standard cleaning procedure (Fig. A1) . Cleaned coral powders were dissolved in 2 N HCl immediately prior to analysis. A sufficient volume of analyte to obtain a minimum of 1 ng of B (typically 1.5-2 lL depending on sample B concentration) was loaded with 1.0 lL of a boron-free seawater matrix solution onto degassed rhenium filaments. To minimize procedural blank, all sample preparation was done in a boron-free PTFE filtered laminar flow bench, and Fisher Optima Ò grade chemicals were used for all treatments.
Boron isotope ratios were measured on a Thermo Triton multicollector thermal ionization mass spectrometer at LDEO in negative-ion mode (NTIMS, Hemming and Hanson, 1994 ; see detailed methodology in Foster et al., 2013) . Average electric potentials for 11 BO 2 À ranged between 120 and 300 mV. Boron isotope ratios are reported in delta notation (d 11 B) relative to the NIST 951 boric acid standard reference material (Catanzaro et al., 1970) . NIST 951 was measured alongside sample analyses for standardization both as boric acid and precipitated in vaterite (Foster et al., 2013) . Mass 26 ( 12 C 14 N À ) was monitored immediately prior to analyses, to check for isobaric interference on 10 BO 2 À from organic material (Hemming and Hanson, 1994) . No samples were excluded based on this criterion, as mass 26 counts were below previously determined thresholds for organic matter contamination (Hemming and Hanson, 1994; Foster et al., 2013) . Boron concentrations were determined in a representative sample for each coral by isotope dilution with 5 ppm NIST 952 boric acid reference material (Table 1 ; Hemming and Hanson, 1994) . A minimum of three acceptable repeat analyses was required for each reported d 11 B value, where analyses with >1& within-run fractionation were discarded. Although only two acceptable repeat analyses were obtained for five samples, these numbers are reported here because of their close correspondence with surrounding measurements ( (2SE = 2r/ p n, where n is the number of repeat analyses on a single sample solution), or the external error, which is given as the 2SE on repeat analyses of an in-house standard of NIST 951 precipitated in vaterite (Table 2; see Foster et al., 2013 and Penman et al., 2013) . The minimum resolvable pH change is a direct function of this analytical error, such that detection of a smaller pH change requires a greater number of repeat analyses (Fig. 2b) . To demonstrate the reproducibility of these analyses, we produced full replicates of seven samples. d 11 B values for the seven replicates all agree within overlapping 2SE (Table A1 and Fig. A2 ).
Expected isotopic variability from anthropogenic carbon addition
The dissolution of C ant in seawater is expected to have a twofold effect on the geochemical composition of seawater. First, anthropogenic fossil fuel burning and deforestation add isotopically light carbon to the atmosphere, which lowers the d 13 C of atmospheric CO 2 and, when mixed into the ocean, d
13 C of the oceanic DIC reservoir (the 13 C Suess effect; Keeling, 1979) . Second, the addition of C ant increases the size of the DIC reservoir, acidifying seawater and lowering d 11 B borate . Provided that the temporal histories of these oceanic DIC concentration and isotope changes are quantitatively constrained, they can be useful metrics for testing whether our DSC isotopes track deep-sea chemical changes caused by C ant addition. The magnitude of anthropogenic depletion of seawater d 13 C DIC reflects the concentration of C ant , which is a function of time since the water mass was last in contact with the atmosphere and the processes that influenced DIC after that time (Kö rtzinger et al., 2003; Olsen and Ninnemann, 2010) . The change in seawater d 13 C DIC at the locations of the three modern corals is projected by scaling the C ant inventories from Khatiwala et al. (2009) by the d 13 C DIC -[C ant ] relationship established by Kö rtzinger et al. (2003) , which predicts a d 13 C DIC lowering of 0.024 ± 0.003& per lmol/kg increase in [C ant ] compared to preindustrial conditions. Preindustrial seawater d 13 C DIC for the coral locations is estimated as 1.25 ± 0.15&, using the value for preindustrial Labrador Sea Water from Olsen and Ninnemann (2010) . This value is chosen because the modern Atlantic coral collection locations correspond to neutral density surfaces and chlorofluorocarbon inventories attributed to Labrador Sea Water (Lebel et al., 2008) . Uncertainty in the seawater d 13 C DIC projection is estimated by propagation of preindustrial seawater d 13 C DIC uncertainty (±0.15&), d
13 C DIC -[C ant ] relationship uncertainty (±0.003&), and uncertainty in C ant inventories (±20%).
We quantify the temporal history of d 11 B borate at the locations of the three modern North Atlantic corals in a similar fashion. C ant inventories from Khatiwala et al. (2009) are converted to pH by assuming steady-state temperature, salinity, and alkalinity, and then converted to d 11 -B borate using the Klochko et al. (2006) 
RESULTS
Stable isotopes from a single Keratoisis specimen
We measured isotopes on samples taken from the outermost 1 mm of calcite on eight discrete internodes of a preindustrial Atlantic bamboo coral specimen (Fig. 3). d 11 B from different internode surfaces varies from 15.6& to 17.3& (Fig. 3b) Klochko et al., 2006) for the collection location of this specimen, with the gray shaded region denoting the uncertainty as described in the text. Blue diamond in (b) is the average of all surface internode measurements. Green arrows denote samples taken from terminal internodes of this specimen. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) ( Fig. 3c and d) . Considering that d 11 B does not appear to show systematic behavior (aside from possibly the terminal internodes), we chose the most basal (thickest) available internode of each specimen for comparison with hydrographic data and for creation of radial transects.
Keratoisis boron isotope relationship with hydrographic data
Samples drilled from the outermost 1 mm of calcite of the most basal internode in different Keratoisis specimens (hereafter referred to as "distal skeletal") exhibit boron isotopic compositions ranging from 13.7 to 16.5&, with generally higher values (>15.4&) for North Atlantic corals from locations above pH tot 7.9, and lower values (14.9-15.3&) for Pacific corals from seawater pH tot below 7.8 (Fig. 4) . Specimen 1011762 from Indonesia shows a significantly lighter distal skeletal d 11 B (13.7&) than all other analyzed corals, and is 1.3& lighter than d 11 B borate calculated for its collection location. Considering the lack of proximal hydrographic data for this specimen and its pre-modern radiocarbon age (1,690 ± 25 14 C years), we exclude this specimen from further statistical comparisons with modern corals.
Distal skeletal d 11 B positively and linearly correlates with corresponding d 11 B borate values calculated from hydrographic data using the aqueous boron fractionation factor of Klochko et al. (2006) (Fig. 4b) : Rae et al., 2011) , and inorganic calcite (white circles, Sanyal et al., 2000) . Solid curve shows the d 11 B of borate anion in seawater at representative deep-ocean pK B = 8.78 (Dickson, 1990; Millero, 1995) as a function of pH based on the measured aqueous boron fractionation factor (Klochko et al., 2006 Pacific corals show 1-1.5& of d 11 B variability within single specimens (hereafter referred to as "intracolony") with no obvious trends (Fig. 5a-c) . The three specimens exhibit similar absolute d
11 B values of $15-16&, which are 0.5-2& higher than the calculated d 11 B borate for each collection location (horizontal gray bars, Fig. 5a-c C, suggesting that different sampling procedures (resolution) do not alter the isotopic measurements (Fig. 5a) .
For the 19th century Atlantic corals ( Fig. 5d-f (Fig. 5e, f) . d 18 O and d 13 C are heavier than for Pacific corals, ranging from +2 to +1& VPDB and 2 to À2& VPDB, respectively. 13 C of seawater DIC over the lifespan of these corals due to C ant addition. Lending support to the robustness of these projections, the calculated temporal evolution of d 13 C is in excellent agreement with d 13 C measurements from the 1972-1973 GEOSECS cruises (Kroopnick, 1980) (Fig. 6) .
Radial isotope transects: modern Atlantic corals
Intracolony d 11 B and d 13 C are noisier than the projections, with 1-2& of variability in both isotope systems exceeding the magnitudes of the expected C ant signals (Fig. 6) . Coral d 11 B and d 13 C values are similar to those observed in 19th century Atlantic corals ( Fig. 5d-f) , and generally consistent with the predicted data but too noisy to describe the projected trend. Similar to the Pacific and 19th Century Atlantic corals, we observe elevated d 11 B values near the central axis for Specimens 27000 and 37031 ( Fig. 6a and b) . d 13 C transects are within uncertainty of the projection for Specimen 27000 excluding the outermost sample ( Fig. 6a) and for Specimen 36252 excluding the innermost sample (Fig. 6c) . C DIC from GEOSECS data proximal to the coral collection locations and plotted relative to their collection time (Kroopnick, 1980; see (Fig. 8) . Least-squares linear regressions return significant correlations (at 95% confidence, p < 0.05) for four specimens, and when grouping individual coral data from three North Atlantic specimens collected across a <1°C temperature range ( C variability that exceeds the range of expected changes from C ant addition (Fig. 6) . If the corals studied here record only changes in seawater chemistry, we would expect the intracolony d 11 B and d 13 C records to match changes in d 11 B borate and d 13 C DIC from increasing C ant inventories. There is of course uncertainty in both the timing and magnitude of C ant addition to the ocean and our coral growth rate estimates. However, we observe similar magnitudes of intracolony d 11 B and d 13 C variability in Pacific corals, 19th century Atlantic corals (Fig. 5) , and in multiple internode surfaces from a single 19th century Atlantic coral (Fig. 3) , even though these specimens have encountered negligible anthropogenic DIC addition over their lifetimes. We therefore conclude that at least part of the d 11 B and d 13 C variability observed in modern Atlantic bamboo corals is not related to changes in deep-sea pH and d Klochko et al., 2006) from hydrographic data, plotted against X calcite for the coral collection locations. Samples are grouped according to location within the coral internode: white diamonds indicate samples from the internode's distal skeleton (as shown in Fig. 4) , green circles from the internode's radial thickening (error bars not shown), and orange squares from the internode's central axis (see Fig. 1d for example of different coral sampling regions). Shaded region represents average d 
Comparison with d 11 B of other marine carbonates
Modern and 19th century Keratoisis d 11 B values range between 14.5 and 17.3& (Fig. 4, Table 2 ), which are 6 to 13& lighter than bulk d 11 B measurements on the scleractinian deep-sea corals Desmophyllum dianthus (23.5-28.1&, Anagnostou et al., 2012; 25.7-27.4&, McCulloch et al., 2012; see Fig. 4a ) and Lophelia pertusa (26.6-28.7&, McCulloch et al., 2012) , and are >10& lighter than ion microprobe d 11 B analyses of a single L. pertusa specimen (28-38&, Blamart et al., 2007 Krief et al., 2010) (Fig. 4a) . In contrast, Keratoisis d 11 B values are more comparable to coretop measurements of the calcitic benthic foraminifer Cibicidoides wuellerstorfi (16.6-17.4&, Hö nisch et al., 2008; 14.5-16.3&, Rae et al., 2011) (Fig. 4a) .
When regressed against local d 11 B borate , Keratoisis d
11 B values return a linear relationship with a slope significantly shallower than one (Fig. 4b) . This result is consistent with observations on corals, foraminifera and synthetic calcite grown over a wide pH range (Sanyal et al., 1996 (Sanyal et al., , 2000 (Sanyal et al., , 2001 Hö nisch et al., 2004; Krief et al., 2010; Henehan et al., 2013) , which tend to exhibit d 11 B carbonate versus d 11 B borate regressions with a slope < 1 (Table 4) . Earlier studies had suggested this might be an artifact of boron isotope analyses by NTIMS versus MC-ICP-MS (Foster, 2008) , but recent MC-ICP-MS studies of corals (Krief et al., 2010) and planktic foraminifers (Henehan et al., 2013) cultured over a wide pH range have confirmed the lower pH sensitivity of boron isotopes in these marine carbonates (Table 3) ; dashed blue line includes data from T664-A17 and 1004643, while solid blue line includes data from 27000, 36252 and 37031. D 13 C = 0 is marked by a dotted line. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) (Table 4) .
Enumeration of vital effects in Keratoisis
A long history of literature shows that biomineralization processes of marine calcifiers occur outside of thermodynamic equilibrium, with consequences for the geochemical composition and isotopic ratios of the resultant biominerals (e.g., Emiliani et al., 1978; McConnaughey, 1989; Smith et al., 2000; Cohen and McConnaughey, 2003; Allemand et al., 2011 and references therein). The biogeographic distribution of bamboo corals suggests they are no exception. Three bamboo corals in this study collected from the Pacific Ocean are from X calcite < 1 (Table 1) , and bamboo corals on the Tasmanian seamounts have been observed growing in similarly undersaturated conditions (Thresher et al., 2011) . Since skeletal growth under equilibrium conditions would not be possible for these specimens, bamboo corals presumably possess an ability to manipulate seawater chemistry in order to calcify. As such, vital effects related to bamboo coral ontogeny likely affect the isotopic composition of Keratoisis.
One line of evidence supporting the presence of vital effects in Keratoisis is the positive correlation between d 13 C and d 18 O (Fig. 8) . This correlation has previously been observed in bamboo corals and interpreted for paleotemperature reconstructions using the "lines method" Kimball et al., 2014) . Similar d 13 C versus d
18 O correlations are also observed at varying spatial scales in azooxanthellate scleractinian corals (Emiliani et al., 1978; McConnaughey, 1989; Smith et al., 2000; Adkins et al., 2003; Rollion-Bard et al., 2003a; Lutringer et al., 2005; Ló pez Correa et al., 2010) . Positive correlations between d 13 C and d 18 O in biogenic carbonates have been attributed to kinetic isotope effects during calcification associated with the hydration and hydroxylation of CO 2 , and/or isotopic effects from changing pH in the calcifying fluid (McConnaughey, 1989; Adkins et al., 2003; Cohen and McConnaughey, 2003; Rollion-Bard et al., 2003a,b; Zeebe, 2014 Fig. 8 and Table 3 ) is consistent with those previously observed in bamboo coral (m = 0.18-0.47, Hill et al., 2011; m = 0.28-0.51, Kimball et al., 2014) and scleractinian coral specimens (m = 0.23-0.67, Smith et al., 2000; m = 0.34-0.53, Adkins et al., 2003; m = 0.34-0.44, Lutringer et al., 2005) .
For quantification of vital effects, the boron isotopic composition of scleractinian corals has been hypothesized to record calcifying microenvironment pH, with the difference (referred to as DpH) between calcifying microenvironment pH (i.e. d 11 B coral ) and ambient seawater pH (i.e. d 11 B borate ) reflecting the magnitude of pH vital effects during calcification (Rollion-Bard et al., 2003b , 2011 Blamart et al., 2007; Allison et al., 2010; Krief et al., 2010; Trotter et al., 2011; Anagnostou et al., 2012; McCulloch et al., 2012) . Assuming only the borate anion is incorporated during coral calcification, the apparent pH of the calcifying fluid (pH app ) can be inferred from coral d 11 B:
where pK B is determined for each coral collection location, d 11 B sw is the boron isotopic composition of seawater (39.61&, Foster et al., 2010 ) and a B is the aqueous boron isotope fractionation factor (1.0272, Klochko et al., 2006) . Using Eq. (3), elevation of boron isotope ratios in scleractinian corals above d 11 B borate (Fig. 4a) implies a $ 0.4-1.2 pH unit elevation in the calcifying fluid (Krief et al., 2010; Rollion-Bard et al., 2011; Trotter et al., 2011; Anagnostou et al., 2012; McCulloch et al., 2012) that is broadly consistent with in situ observations in shallow water scleractinians (Al-Horani et al., 2003; Venn et al., 2011 Venn et al., , 2013 . Klochko et al. (2006) have quantified the magnitude of aqueous boron isotope fractionation in artificial seawater at 25°C and atmospheric pressure. Thermodynamic considerations predict an increase in boron isotope fractionation with decreasing temperature ( Fig. 9a ; Zeebe, 2005; Rustad et al., 2010) , but the empirical results of Klochko et al. (2006) are too variable to confirm or negate a temperature influence on the fractionation factor. Although the magnitude of the temperature effect is poorly constrained (Zeebe, 2005; Rustad et al., 2010) , a temperature adjustment to the fractionation factor would be largest for deep-sea samples, which are obtained from much lower temperatures than 25°C. For instance, Zeebe (2005) estimates a 8.2 Â 10 À5 increase in fractionation factor per decrease in°C (albeit with large uncertainty), which, at face value, equates to an increase in boron isotope fractionation from 1.0272 at 25°C to 1.0288 at 5°C (see also Hö nisch et al., 2008) . This effect could be part of the explanation for why some deep-dwelling planktic foraminifers (e.g., Neogloboquadrina pachyderma and N. dutertrei, Yu et al., 2013; Foster, 2008) 
record lower d
11 B values than predicted using the aqueous fractionation factor of Klochko et al. (2006); namely, d 11 B borate at the habitat depth may in fact be much lower than the experimental value predicts. Consequently, deep-sea coral and benthic foraminifer d 11 B may similarly be elevated by several permil compared to d 11 -B borate (Fig. 9; cf. Hö nisch et al., 2008; Rae et al., 2011) . The temperature effect on boron isotope fractionation clearly needs to be determined experimentally, in addition to instrumental analyses of pH differences in the calcifying microenvironment of deep-sea benthic foraminifers and corals. Furthermore, the DpH approach is at odds with synthetic calcite, which also shows a lower pH-sensitivity than predicted from aqueous boron isotope fractionation ( Fig. 4a ; Sanyal et al., 2000; see Henehan et al., 2013) . Because biological effects cannot explain the deviation in synthetic calcite, these data provide strong evidence that boron incorporation into marine carbonates is governed by additional effects that have yet to be identified.
To illustrate these caveats, we translate the observed departures of coral d 11 B from d 11 B borate ( Fig. 7a) to magnitudes of pH offset between the coral's calcifying microenvironment (pH app ) and ambient seawater (DpH = pH app À pH sw , Fig. 7b ). All samples from corals collected at X calcite < 1 (from the Pacific) show pH elevation of 0.1 to 0.4 units, with the magnitude of pH elevation generally increasing with decreasing X calcite . Following the argument outlined by McCulloch et al. (2012) , these data would suggest that bamboo corals grow in undersaturated conditions by physiological adjustment of their calcifying microenvironment to more alkaline conditions. pH elevation in these three corals could also explain the surface Fig. 4b ) and may account for the shallowness of this slope relative to other carbonates (Table 4) .
Corals collected at X calcite > 1 (specimens from the North Atlantic) show DpH values generally averaging zero, with a range of À0.2 to + 0.2 pH units. Excluding samples taken proximal to the central axis, the highest observed DpH is less than +0.1 unit, which may suggest that these corals do not appreciably modify their calcifying microenvironment pH relative to seawater. Negative values for DpH exceeding À0.1 pH unit are observed in one of the five specimens with X calcite > 1. Similar negative DpH values (up to À0.2 units) are reconstructed for symbiont-barren versus symbiont-bearing foraminifers, and are hypothesized to reflect the influence of respiration on microenvironment pH (Hö nisch et al., 2003) . Aside from coral respiration, the negative bamboo coral DpH data could also be accounted for by an underestimate of the boron isotope fractionation factor at lower temperatures, as described above. Fig. 9 (Fig. 9a) . Using the fractionation factor temperature sensitivity estimated by Zeebe (2005) Fig. 9b with Fig. 4b) . In contrast, Specimen 1011762, which is 1.3& lower than d 11 B borate calculated from a B = 1.0272 at 25°C (Fig. 4b) , lies on a 1:1 line with d 11 B borate calculated from the temperature-corrected fractionations (Fig. 9b) . Fig. 9c illustrates how a temperature-corrected fractionation changes DpH. Specimens T664-A17 and 27000 were collected at indistinguishable temperatures (3.3 versus 3.33°C, Table 1 ) and thus have the same temperature-corrected fractionation (1.0290). DpH estimates increase by 0.2 pH units on average with the 1.029 fractionation compared to the 1.0272 fractionation (Fig. 9c) . As a result, Atlantic corals now reflect calcification at elevated pH (DpH = +0.2 units), while the degree of pH elevation in Pacific corals correspondingly increases up to +0.5 pH units (Fig. 9c) . In summary, even though the temperature sensitivity of the fractionation factor is uncertain and remains to be quantified experimentally, it is clear that the magnitude of calcifying microenvironment pH elevation assumed from boron isotopes is highly sensitive to changes in the value of d 11 B borate , and hence to the boron isotope fractionation factor. Accounting for uncertainty with the measured boron isotope fractionation factor (±0.0006, Klochko et al., 2006) alone adds a DpH uncertainty of greater than 0.1 units. This comparison shows that using geochemical proxies to infer physiological effects is subject to significant uncertainties if the understanding of proxy geochemistry is incomplete.
Evidence for ontogenetic variations in bamboo coral calcification
In contrast to absolute DpH values, relative differences in DpH values within single specimens will not be fundamentally altered by changes in the boron isotope fractionation (e.g., Fig. 9c ). Elevated d
11 B values proximal to the central axes of bamboo corals (Figs. 5, 6 and 7a) are associated with pH elevations of $0.1 pH units (ranging from 0 to +0.17) relative to the remainder of the coral skeleton in both Pacific and Atlantic specimens (Fig. 7b) . A hypothesis for this observation is a higher growth rate in the juvenile stage of bamboo corals. Noé and Dullo (2006) (Adkins et al., 2003) and labeling experiments (Brahmi et al., 2012) independently indicate faster growth, although the role of pH in the calcification centers is debated (Blamart et al., 2007) . Furthermore, elevated Mg/Ca is observed both surrounding the central axis of bamboo corals (Thresher et al., 2010; Sinclair et al., 2011) and in the calcification centers of scleractinian corals (Meibom et al., 2004; Gagnon et al., 2007; Brahmi et al., 2012) . Although the relationship between Mg/Ca and growth rate needs to be tested rigorously, in both cases elevated Mg/Ca could be due to a reduced ability of the corals to discriminate against Mg at higher calcification rates (i.e. surface entrapment, Watson, 1996; Gagnon et al., 2007; DePaolo, 2011 , but see Gabitov et al., 2014 .
Bamboo and scleractinian coral geochemistry: Calcification inferences
Two observations are insightful for comparing bamboo coral calcification to previous geochemical models for scleractinian calcification. First, d
13 C versus d 18 O slopes observed in bamboo coral specimens are similar to those observed in scleractinian corals, as previously noted by Hill et al. (2011) and Kimball et al. (2014) . At face value, this may suggest that similar processes drive d 13 C and d 18 O disequilibria in scleractinian and gorgonian DSC. However, significantly more positive d
11 B values are observed in scleractinian DSC relative to the gorgonian corals analyzed here (Fig. 4a) , despite similar collection conditions of temperature, salinity, and depth. The DpH approach implies that the magnitude of pH elevation in the calcifying microenvironment of bamboo corals is much smaller than that observed for scleractinian DSC (Anagnostou et al., 2012; McCulloch et al., 2012) . This d 11 B discrepancy likely reflects different calcification mechanisms in gorgonian versus scleractinian corals, and may suggest that pH elevation in the calcifying microenvironment (Adkins et al., 2003) is not the cause of gorgonian DSC vital effects. Considering uncertainties with the DpH approach outlined above, a robust quantification of the difference in calcifying microenvironment pH between these coral groups needs to be obtained through direct observations.
PALEOCEANOGRAPHIC CONSIDERATIONS AND CONCLUSIONS
The goal of this study was to test whether bamboo coral skeletons can be utilized as archives of past intermediate ocean pH using the d 11 B proxy. We summarize the relevant results here:
1. The geochemistry of Keratoisis specimens is influenced by vital effects, potentially related to active modification of pH during coral calcification. However, the magnitude of this vital effect appears small compared to scleractinian deep-sea corals. In Keratoisis, d 11 B values are elevated in specimens from X calcite < 1 by 0.5-2& relative to d 11 B borate , and elevated in samples near the central axes of specimens by 0.25-1.5& relative to the rest of the specimen. pH vital effects may influence these specimens and samples in particular. 2. For specimens from X calcite > 1, coral surface d 11 B is consistent with d 11 B borate defined using the experimentally determined fractionation factor at 25°C (Klochko et al., 2006) . Excluding the central axis, magnitudes of d 11 B variability within single internodes and across multiple internode surfaces range from <0.5& to 1.5& (Figs. 3 and 5-7) . We cannot identify the source of this "noise", and it is potentially large compared to paleoclimatic signals. For comparison, the late Quaternary glacial-interglacial surface ocean pH change corresponds to a $1.5& change in planktic foraminifer d 11 B (Hö nisch and Hemming, 2005; Henehan et al., 2013 
